ABSTRACT Microwave inductors and capacitors compatible with low temperature processes form a route to high-frequency electronics on flexible substrates in conjunction with high speed thin film transistors. We report here the process by which one can fabricate passive components with X-band compatible performance on polyethylene terephthalate substrate by changing dielectric layer material and optimized design, where the method can be applied with most of the active device technologies developed up to date on flexible substrates. High resonance frequencies were obtained, comparing with former results, confirming the effectiveness of the approach with flexible dielectric materials. Studies on bending effects for the spiral inductors and metal on insulator capacitors show miniscule difference in performance related to bending radius. Performance enhancements compared to previously reported passive elements enable higher radio-frequency electronics on plastic substrates.
I. INTRODUCTION
Thin-film electronic devices have many advantages over conventional thick devices such as low cost, light weight, high scalability, and a myriad of applications [1] - [3] . High speed devices with X-band figure-of-merit frequencies on flexible substrate using thin film materials have also been introduced lately, and showed promising technology to implementing radio frequency electronics on plastic substrates [4] - [6] . Recently, flexible passive components were integrated in polyimide substrates with low temperature; however, they work in comparatively low frequencies and cannot be monolithically integrated with flexible active TFTs [7] . In this work, we present flexible high-frequency spiral inductors and metal-insulator-metal (MIM) capacitors, monolithically integrated on a PET substrate, with enhanced performance compared to our previously reported results [8] . High performance spiral inductors and MIM capacitors with excellent flexibility were achieved, that are compatible with high speed TFTs up to 10 GHz, where typical X-band devices operate at.
Revised designs for inductors and high-k dielectrics for capacitors were chosen as optimization parameters. As a result, we achieved reduced overall size and more flatten values for both inductors and capacitors.
II. PROCESS OF THE FLEXIBLE ELECTRONICS
The fabrication starts by coating a 2 μm thick SU-8 resist on a 125 μm thick PET substrate followed by depositing M1 metal (Ti/Au = 30/300 nm) using electron-beam evaporator via a photolithography lift-off process. The SU-8 (MicroChem; dielectric constant ε r = 3) coating ensured smooth surface for the planar structured inductors and capacitors. This first metal layer simultaneously serves as a lead metal for the spiral inductor and bottom metal plate for the MIM capacitor. Due to the low Vicat softening temperature of PET (170 • C), titanium dioxide (TiO 2 ), which has high dielectric constant (ε r = 45.1 − 88, depending on stoichiometry), was evaporated at room temperature. After depositing 200 nm of TiO 2 , M2 metal (Ti/Au = 30/300 nm) is deposited, followed by an acetone lift-off process for completion of the MIM structure [ Fig. 1(b) ]. TiO 2 is a high-k dielectric material that can reduce the losses by decreasing the equivalent series resistance (ESR), which is the resistive part of the equivalent circuit composed of capacitance, series resistance and parasitic inductance. Generally, a high-k dielectric material is favorable for MIM capacitor for reduced capacitor size and a low-k dielectric material is generally used for inter-metal separation layer for the spiral inductors, which results in a smaller parasitic capacitance. In order to compensate these requirements, we used a relatively thick (1.5 μm) SU-8 photoresist as an interlayer that is both flexible and robust. A photolithography process on the SU-8 opens via holes for both inductor and capacitor. A final photolithography lift-off process is followed next for thick M3 metal (Ti/Al/Ti/Au = 30/1200/10/290 nm) layer, which forms metal probing pads for both inductor and capacitor. It should be noted that the thickness variation of the PET substrate has negligible effects on the performances of these components as the thickness of PET is relatively larger than the thickness of the components. The thin (maximum thickness of 3.4 μm) and planar structures with relatively simple process of the devices make them highly robust to mechanical bending and are adaptable to X-band operations. 
III. EXPERIMENTAL RESULTS AND DISCUSSION
The spiral inductor is designed with 4.5 turns, 20 μm line width, and 4 μm line space, optimized for high f res . The outer dimension of the spirals is 436 μm 2 . The measured L and Q values are plotted in Fig. 2 (a) and (b), respectively. We get a relatively constant L value of ∼ 5 nH from up to ∼ 6 GHz and the f res was 12.3 GHz. The peak Q value of 7.75 was measured at 6.04 GHz [see Fig. 2(b) ]. For reducing inter metal coupling and parasitic resistance in spiral inductor metal, [9] we optimized the edge corner effect by smoothing the edge during M3 metal lithography. The f res was increased from 9.1 GHz [8] to 12.3 GHz with the same spiral inductor design. These high f res values show that these spiral inductors are implementable for high-frequency circuits up to ∼ 10 GHz, sufficiently meeting the active TFT operation frequency requirement [4] . Fig. 2 also shows the bending test results were included (along with the inputoutput direction) for the spiral inductors. The L values at low frequency were slightly decreased as the convex bending radius was reduced, while a slight increase in both peak Q and f res was observed.
The MIM capacitors with a TiO 2 high-k dielectric film with different periphery-to-area (P/A) ratios were measured. Fig. 3(a) shows the measured C values and Fig. 3(b) shows the measured quality factors as a function of frequency for an 88×88 μm 2 capacitor under flat and various bending conditions. A continuous C value of ∼ 0.33 pF was measured 436 VOLUME 3, NO. 5, SEPTEMBER 2015 up to 7 GHz and the f res was 25.1 GHz. Compared to a conventional high-Q multi-layer ceramic capacitor (Murata GJM series) where the Q factor reaches 35 at 3 GHz (4.7 pF) [10] , the Q factor reaches 117 at 3 GHz (0.33 pF) for our capacitor. This high Q factor is attributed to the small size and single layer structure of our capacitor. We enhanced the MIM capacitor's operation frequency range by increasing f res from 13.2 GHz [8] to 25.1 GHz and increased the quality factor by adapting TiO 2 for dielectric material between capacitor electrodes and optimizing interconnection and via layer. For both passive elements, the capacitance and inductance are limited by the physical size of the components. Utilizing the presented method, a capacitor with a lateral area range of 30 × 88 μm 2 ∼ 117 × 155 μm 2 on PET can have a capacitance range of 0.14 pF ∼ 4.2 pF. Similarly, an inductor with lateral length range of 147 μm ∼ 460 μm and with number of turns range of 2 ∼ 9.5 turns can have inductance range of 3.14 nH ∼ 9.79 nH. Generally, both the values of C and f res increased slightly as the convex bending radius decreased. In order to describe the bending effects on the RF characteristics of the spiral inductors and capacitors, we analyzed the lumped equivalent model for both spiral inductor and MIM capacitor under different bending conditions.
We used measurements with two-port S-parameters in order to extract the inductance and the other parasitics [11] - [13] . The complex propagation constant (γ 0 ) and characteristic impedance (Z 0 ) were extracted from the de-embedded S-parameters. Then, the lumped elements in each branches of the equivalent spiral inductor model [see Fig. 4(a) left side] were calculated from γ 0 and Z 0 . The deembedded equivalent circuit of implemented spiral inductor was shown in Fig. 4 (a) right side with flat condition. The values of L S , R S , and C S were extracted from the real and imaginary parts of the measured series impedance. L S and R S denote the skin effect, which overwhelmed the magnetic field intensity and current density in the inductor at high frequencies. L S is predominantly determined by the magnetic flux external to the conductor, thus L S is proportional to frequency. The components C OX , C PET , and R PET represent the effect between spiral inductor metal and PET substrate and they can be extracted from the real and imaginary parts of the shunt admittance.
Considering the bending with equivalent lumped element, when the spiral inductor was bent, the spiral shape also transformed due to PET substrate's induced strain; thus, most of the total magnetic field continued through the frequency. The L S values, affected by the vertical magnetic flux through the center of the inductor surface, were reduced under bending conditions. This is caused by the negative mutual coupling between the strained spiral and the substrate lead metal disturbing the magnetic field, slightly reducing L S value. The parasitic C S did not affect much with the bending. The decreased L S value due to bending leads to a slight increase in f res . The inductor's overall surface area is relatively small compared with the smallest bending radius; therefore the overall effect of bending on the inductor value is negligible [see Fig. 5(a) ].
Similarly, we de-embedded MIM capacitor values with bending conditions. The C mim [see Fig. 4 vias and capacitor plates. C SUB models the capacitance of the top and bottom MIM capacitor plate to PET substrate. In Fig. 4(b) on the right side, the de-embedded equivalent circuit of implemented MIM capacitor is represented under no bending. Considering the capacitor with bending, the C mim value was increased due to the increased capacitor area and reduced capacitor dielectric thickness with Poisson's effect on PET. The L VIA values under the bending, slightly decreased due to the contortion between capacitor electrodes, via and PET substrate. These decreased L VIA values with decreased bending radius, are the main factors that increase f res [see Fig. 5(b) ]. No significant irreversible changes in performance were observed for both inductors and capacitors after cycles of bending at 28.5 mm in radius.
IV. CONCLUSION
We demonstrated passive elements that are feasible and compatible with high-frequency microwave TFTs with low temperature fabrication method on PET substrates. Compared to the previous work on flexible inductors and capacitors, we have optimized the device structure to enhance f res to obtain better performing components [8] , [13] . Compared to SiO used in the previous work, our TiO 2 deposited in rich O 2 condition has lower level of defects and charge trapping at the dielectric-metal interface due to reduced leakage at the grain boundaries. Results show that these inductors and capacitors can operate up to 10 GHz and 20 GHz, respectively. Such flexible passive components can be implemented with various types of high speed thin film transistors to form fully functioning RF systems, such as amplifiers and circuits in the X-band range, on flexible substrates. 
